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Regulation of ZAP-70 Activation and TCR Signaling
by Two Related Proteins, Sts-1 and Sts-2
Engagement of the TCR activates an array of intracel-
lular signaling cascades (Kane et al., 2000; Germain,
2001; Samelson, 2002). Src-like kinases are constitu-
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tively associated with the receptor complex and phos-Peter Doherty,2,5 and James N. Ihle1,4,*
phorylate residues within the immunoreceptor tyrosine-1Department of Biochemistry
based activation motifs (ITAMs) of CD3 and CD32Department of Immunology
(Latour and Veillette, 2001). This allows the tyrosine ki-3Department of Pathology
nase Zap-70 to be recruited to the receptor complex,4Howard Hughes Medical Institute
where it is phosphorylated and activated. Upon activa-Saint Jude Children’s Research Hospital
tion, Zap-70 plays a critical role in propagating signalsMemphis, Tennessee 38105
initiated by TCR engagement (Chu et al., 1998). The
importance of Zap-70 in TCR signaling is underscored
by the phenotype of both Zap-70-deficient mice andSummary
humans with mutations in Zap-70 (Negishi et al., 1995;
Elder, 1998). Mice lacking Zap-70 have no mature CD4T cells play a central role in the recognition and elimi-
and CD8 T cells, while Zap-70 mutations in humansnation of foreign pathogens. Signals through the T cell
lead to severe developmental and functional defectsreceptor (TCR) control the extent and duration of the
within the T cell compartment. In addition to tyrosineT cell response. To ensure that T cells are not inappro-
kinases, numerous adaptor and scaffolding moleculespriately activated, signaling pathways downstream of
participate in TCR-mediated signaling (Tomlinson et al.,the TCR are subject to multiple levels of positive and
2000). Two adaptor molecules, LAT and SLP-76, arenegative regulation. Herein, we describe two related
considered to be critical targets of Zap-70. Phosphoryla-proteins, Sts-1 and Sts-2, that negatively regulate TCR
tion of LAT and SLP-76 allows for the nucleation ofsignaling. T cells from mice lacking Sts-1 and Sts-2 are
signaling complexes that promote activation of both thehyperresponsive to TCR stimulation. The phenotype
ras-MAPK signaling pathway and the Ca2-calcinuerinis accompanied by increased Zap-70 phosphorylation
signaling pathway (Finco et al., 1999). Additional signal-and activation, including its ubiquitinylated forms.
ing components downstream of the T cell receptor in-Additionally, hyperactivation of signaling proteins
clude the lipid kinases and the Tec family kinases. Fi-downstream of the TCR, a marked increase in cytokine
nally, TCR activation leads to a profound reorganizationproduction by Sts1/2/ T cells, and increased suscep-
of the actin cytoskeleton, which contributes to the redis-tibility to autoimmunity in a mouse model of multiple
tribution of surface receptors and intracellular signalingsclerosis is observed. Therefore, Sts-1 and Sts-2 are
molecules into a formation known as the immune syn-critical regulators of the signaling pathways that regu-
apse (Dustin and Cooper, 2000).late T cell activation.
As a counterbalance to the many positively acting
elements downstream of the T cell receptor, T cellsIntroduction
possess a variety of mechanisms to limit the duration
and the intensity of signals generated by receptor acti-The multisubunit T cell antigen receptor (TCR) plays a
vation (Koretzky and Myung, 2001; Veillette et al., 2002).central role in the development and function of T lym-
Upon engagement, the receptor is rapidly internalized,phocytes. Theand subunits of the TCR are generated
thereby reducing the pool of TCR available for stimula-
by a process of genetic rearrangement that results in
tion. In addition, the tyrosine kinases involved in TCR-
millions of different clonotypic variants. Proper expres-
mediated signaling are subject to several levels of
sion of functional receptor subunits is required for ma- regulation. These include phosphorylation of inhibitory
turing T cells to survive through multiple stages of devel- residues by tyrosine kinases, such as Csk, and dephos-
opment. If the ligand recognition properties of each TCR phorylation of activating residues by tyrosine phospha-
are incompatible with the requirements of the adaptive tases, such as SHP-1. In addition, members of the Cbl
immune system, the receptor fails to support the survival family of proteins having ubiquitin ligase activity nega-
of developing T cells. In peripheral T cells, cytokine gene tively regulate T cell receptor signaling by targeting se-
expression, proliferation, and execution of T cell effector lective components of the TCR complex for degradation
functions are all thought to be controlled by TCR signal- (Rao et al., 2002). Disturbances in the balance of positive
ing (Sebzda et al., 1999; von Boehmer and Fehling, 1997; and negative regulators of TCR signaling are thought to
Singer and Koretzky, 2002). contribute to the development of autoimmune diseases
(Ohashi and DeFranco, 2002).
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Figure 1. Characterization of Sts1/2 Proteins
(A) Sts1/2 primary structure. UBA domain homology is 83%, and SH3 domain homology is 74%.
(B) Expression of Sts-2 is limited to hematopoietic tissues. IP/Western analysis demonstrates the levels of Sts-2 in the indicated tissues.
Ig, immunoglobulin.
(C) Specific expression of Sts-2 in splenic T cells by IP/Western analysis. B, purified splenic B cells (90%); T, purified splenic T cells (90%).
Results (Figure 2A). Three ES clones containing the appropri-
ately targeted allele were obtained and used to generate
chimeric mice that transmitted the mutant allele throughIdentification, Cloning, and Expression of Sts-2
the germ line. Transmission of the mutated allele wasWe previously reported the identification and targeted
confirmed by Southern analysis (Figure 2B), while North-disruption of a SH3-domain-containing protein, p70
ern analysis with a probe downstream of the deleted(Carpino et al., 2002). In the course of characterizing
exons was utilized to confirm the absence of Sts-2p70, we identified and cloned a second family member
mRNA in mice homozygous for the mutation (data not(GenBank number AAH28138) that was 75% homolo-
shown). Anti-Sts-2 antibodies also confirmed the ab-gous. Based on the information presented herein, the
sence of Sts-2 protein in homozygous mice (Figure 2C).original p70 is now designated suppressor of T cell re-
Sts 2/ mice were viable, overtly normal, and did notceptor signaling-1 (Sts-1), and the second family mem-
succumb to any unusual pathological condition. A care-ber is termed Sts-2. Further analysis of the translated
ful analysis of the hematopoietic lineages for develop-cDNAs of Sts-1 and Sts-2 revealed the presence of a
mental defects failed to identify any changes in the Sts-245 amino acid motif known as the ubiquitin-associated
deficient mice relative to wild-type mice (data not(UBA) domain in the N-terminal region (Figure 1A). The
shown). Due to the high levels of Sts-2 in peripheralUBA domain is found in multiple proteins that have a
T cells (Figure 1C), Sts-2/ T cells were carefully ana-connection to ubiquitin and ubiquitinylation pathways
lyzed for functional defects. No T cell alterations were(Hoffmann and Bucher, 1996). Both proteins also contain
observed in the Sts-2/ strain. Because Sts2/ mice
an SH3 domain, and the C-terminal portion contains
were overtly normal, they were bred to Sts1/ mice to
limited homology to the catalytic domain of members obtain the Sts1/2 double knockout (dKO) strain. Doubly
of the bis-phosphoglycerate mutase family (Batemann deficient mice were viable and exhibited no gross be-
et al., 2002). Unlike Sts-1, which is widely expressed havioral or phenotypic alterations.
in murine tissues, Sts-2 protein was only detected in The high levels of both Sts-1 and Sts-2 in bone mar-
thymus, spleen, and bone marrow (Figure 1B). Within row, spleen, and thymus suggested a role for the Sts
mature splenic lymphocytes, Sts-1 is expressed equally proteins in cells of the hematopoietic system. However,
in B and T cells, while Sts-2 is only expressed in splenic there were no significant differences between wild-type
T cells (Figure 1C). and dKO mice in the numbers of red cells, hemoglobin
levels, or hematocrits (data not shown). The recovery of
bone marrow cells from the two strains was similar, 44
Hematopoietic Cell Development in Mice Lacking 9.0 	 106 (wt) versus 40  9.4 	 106 (dKO) (n 
 10), as
Sts-1 and Sts-2 were the numbers of peripheral blood leukocytes (data
Sts-2 was disrupted in murine ES cells by the replace- not shown). Both strains had comparable proportions
ment of an 11 kb fragment containing exons 6, 7, and of thymic CD4 and CD8 single positive cells (Figure 3A),
splenic B220 B cells, and Thy1.2 T cells (Figure 3B),portions of exon 8 with a neo gene expression cassette
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Figure 2. Generation of Mice Lacking Sts-2
(A) Structure of the Sts-2 targeting cassette.
The filled boxes represent exons. BamHI (B),
XhoI (X), and NheI (N) sites are indicated, as is
the location of the probe utilized in Southern
analysis to distinguish wild-type and targeted
alleles (black bar). NEO, neomycin resistance
cassette; DTA, diptheria toxin A.
(B) Southern blot analysis of BamHI-digested
genomic DNA from wild-type (/), heterozy-
gous (/), or homozygous (/) mice
probed with the external probe indicated in
(A). The positions of the wild-type 9 kb and
mutant 3.5 kb BamHI fragments are indi-
cated.
(C) Absence of Sts-2 protein in Sts2/ mice.
An Sts2-specific antibody was used in IP/
Western analysis to analyze the levels of
Sts-2 protein in thymic lysates prepared from
wild-type (/), heterozygote (/), and
Sts2-deficient (/) littermates.
as well as comparable ratios of CD4 and CD8 single observed in single-positive thymocytes (data not shown).
Double knockout peripheral T cells also hyperprolifer-positive peripheral T cells in their spleen and lymph node
T cell compartments (data not shown). However, the ated relative to wild-type T cells at all doses of anti-TCR
stimulation (Figure 4B). Sts1/2-deficient T cells did nottotal number of splenocytes recovered from dKO mice
was consistently 30%–50% greater than wild-type mice: proliferate in the absence of stimulation, and their re-
sponse to a combination of phorbol ester and ionomycin50  12 	 106 (wt) versus 76  20 	 106 (double KO)
(n 
 10). Moreover, as illustrated in Figure 3C (top), was identical to wild-type T cells (Figure 4B). The in-
creased proliferative response of double knockoutthere was a consistent decrease in the proportion of
less mature IgMIgD cells within the dKO splenic B T cells correlated with an increased ability to enter S
phase under the conditions of the assay (Supplementallymphocyte population (7%  1.6%), as compared to
the wild-type population (18%  4.0%) (n 
 10). Con- Figure S1A, available online at http://www.immunity.com/
cgi/content/full/20/1/37/DC1). Simultaneous engagementcomitantly, the percentage of the more mature IgMIgD
B lymphocytes was increased in the double knockout, of the TCR and CD28, a T cell costimulatory surface
receptor, enhances the mitogenic response of T cells.from approximately 38%  5.4% (wt) to 57%  4.6%
(dKO) (n 
 10). A similar phenomenon was observed Importantly, Cbl-b deficiency uncouples the require-
ment of CD28 stimulation for optimal T cell activationin preparations of cells isolated from peripheral lymph
nodes (Figure 3C, bottom). Serum immunoglobulin lev- and IL-2 production and dramatically increases the inci-
dence of autoimmunity (Bachmaier et al., 2000; Chiangels in unimmunized mice were comparable between
wild-type and double knockout, as were hapten-specific et al., 2000). The CD28 costimulatory pathway was intact
in dKO T cells, enhancing T cell proliferation after stimu-immune responses to both T-independent and T-depen-
dent antigens (data not shown). lation with limiting doses of anti-CD3 antibody (Figure
4C). However, when compared to Cbl-b/ T cells, Sts1/
2-deficient T cells had a strikingly more pronouncedT Cells Lacking the Sts Proteins Are Hyperresponsive
response to TCR stimulation (Figure 4D). Furthermore,to TCR Stimulation
T cells lacking Cbl-b and both Sts proteins displayed aTo further examine the properties of lymphocytes lack-
synergistic increase in their response to T cell receptoring Sts1/2, we assessed their mitogenic response. Al-
stimulation (Figure 2D), suggesting that the Sts proteinsthough no perturbations in thymocytes development in
and Cbl-b have distinct and complementary biochemi-Sts-1/2-deficient mice were observed, dKO thymocytes
cal functions in peripheral T cells. Together these resultsproliferated to a 10-fold greater extent in response to
demonstrate a role for Sts-1 and Sts-2 in negativelyTCR stimulation than wild-type, Sts1-deficient, or Sts2-
regulating T cell receptor signaling.deficient thymocytes (Figure 4A). When thymocytes
TCR engagement leads to the induction of genes forwere separated into CD4/CD8 double-positive or CD4 or
a variety of cytokines that are critical for the immuneCD8 single-positive populations prior to the proliferation
assay, the increased proliferative response was only response (Holloway et al., 2001). A time course of sple-
Immunity
40
for an epitope from influenza nucleoprotein (NP366–374)
(Flynn et al., 1998). Splenocytes from wild-type or double
knockout mice infected with A/HKx31 influenza virus
were cultured in vitro with NP366–374-pulsed antigen-pre-
senting cells. Upon restimulation with NP366–374, dKO lines
uniformly demonstrated greater proportions of cells ex-
pressing higher levels of IL-2 and IFN than wild-type
lines (Figure 5D).
Enhanced TCR Signaling in Double Knockout T Cells
The activation of tyrosine kinases, the phosphorylation
of adaptor molecules, and the assembly of multicompo-
nent complexes are critical events that link T cell recep-
tor engagement with activation of downstream signaling
pathways (Kane et al., 2000). To establish a link between
the enhanced proliferative ability of dKO T cells and TCR
signaling pathways, we analyzed the signaling pathways
downstream of the TCR in both wild-type and dKO
T cells. To begin with, we assessed surface levels of
the T cell receptor. Flow cytometric analysis with an
antibody that recognized the  subunit of the TCR indi-
cated that surface TCR levels were similar between wild-
type and dKO T cells (Figure 6A, top). Furthermore, no
differences in the activation-induced downregulation of
the TCR were observed (data not shown). Next, we ana-
lyzed TCR-induced tyrosine phosphorylation in double
knockout T cells. As illustrated in Supplemental Figure
S1B (available on Immunity’s website), the tyrosine
phosphorylation of several substrates was significantly
enhanced in double KO T cells. The tyrosine kinases
Lck and Fyn have been reported to be involved in the
early events of T cell activation (Leitenberg et al., 2001).
The expression of both Lck and Fyn was similar within
wild-type and dKO T cells, as were their kinase activities
and levels of activation upon TCR stimulation (Figure
6A, middle and bottom, and data not shown). In contrast,
Zap-70, a Syk-family member that associates with the
CD3 subunits of the TCR and is activated by tyrosine
Figure 3. Lymphocyte Development in Mice Lacking Sts-1 and
phosphorylation (Chu et al., 1998), showed increasedSts-2
tyrosine phosphorylation in dKO T cells relative to wild-Calculated percentages of cells in the gated lymphocyte population
type T cells (Figure 6B, left). Interestingly, we observedare displayed within each quadrant. Representative flow cytometric
increased tyrosine phosphorylation of the 70 kDa form ofanalyses from at least eight mice of each genotype are displayed.
(A) Thymopoiesis is unaffected by loss of Sts-1 and Sts-2. Thymo- Zap-70, as well as of additional higher molecular weight
cytes from wild-type or double knockout mice were stained with forms of Zap-70. These forms correspond to ubiquitiny-
flourochrome-conjugated anti-CD4 and anti-CD8. Percentages of lated forms of ZAP-70, as they ladder at regular 8 kDa
immature double positive cells and mature single positive cells
intervals and are recognized both by antibodies to Zap-are indicated.
70 (Figure 6B, right bottom) and to ubiquitin (Supple-(B) Ratio of splenic T and B cells is comparable between wild-type
mental Figure S1C, available on Immunity’s website)and Sts1/2/ strains. Splenocytes were stained with antibodies to
B220 and Thy1.2. (Weissman, 2001). Western analysis of Zap-70 immuno-
(C) Peripheral B cell populations in dKO have increased levels of precipitates with anti-ubiquitin antibodies revealed simi-
IgMIgD lymphocytes. Single cell suspensions of spleens (top) or lar levels of Zap-70 poly- and/or multiubiquitinylation
lymph nodes (bottom) were stained with antibodies to IgD, IgM, and
following receptor engagement in wild-type and dKOB220. The IgM versus IgD profile of B220 lymphocytes is displayed.
T cells (Supplemental Figure S1C). Consistent with the
increased tyrosine phosphorylation of ZAP-70 in dKO
T cells, stimulated dKO T cells displayed increased lev-nocytes stimulated with anti-CD3 revealed that IFN
mRNA was upregulated to a greater extent in dKO cul- els of precipitable ZAP-70 in vitro kinase activity (Figure
6B, right top). However, the ubiquitinylated forms oftures than in wild-type cultures (Figure 5A). These results
were further confirmed by quantitative real-time PCR ZAP-70 displayed no in vitro kinase activity (Figure 6B,
right top).(Figure 5B). Additionally, levels of the cytokines IL-2,
IL-4, IL-5, IL-10, and IFN secreted into the supernatants LAT and SLP-76 are two adaptor molecules known
to be essential links between the T cell receptor and theof dKO T cell cultures greatly exceeded cytokine levels
in comparable wild-type cultures (Figure 5C). Finally, we activation of downstream signaling pathways (Zhang et
al., 1999; Clements et al., 1998). The tyrosine phosphory-examined cytokine production from an antigen-specific
response, by deriving primary CD8 T cell lines specific lation of both LAT and SLP-76 was enhanced in dKO
Negative Regulators of Zap-70 Activity
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Figure 4. Proliferative Defects of dKO T Cells
(A) Sts1/2/ thymocytes hyperproliferate in response to TCR stimulation. Proliferative response of 105 wild-type, Sts1/, Sts2/, or Sts1/2
double knockout thymocytes to anti-TCR antibodies (10 g/ml, platebound). Each assay was conducted in triplicate, and data representative
of five separate experiments are displayed.
(B) Sts1/2/ peripheral T cells hyperproliferate in response to TCR stimulation. Proliferative response of wild-type or dKO-purified splenic
T cells to increasing concentrations of anti-TCR antibodies. Results are representative of five independent experiments.
(C) Costimulatory response of Sts1/2 double knockout T cells is intact. Purified peripheral T cells (105) were cultured with antibodies to TCR
or a combination of antibodies to TCR and CD28. Representative results are displayed.
(D) Synergy between Sts1/2 and Cbl-b. Purified splenic T cells obtained from mice of the indicated genotype were cultured in the presence
of the indicated concentrations of anti-TCR antibodies. Results are representative of three independent experiments.
T cells (Figure 6C). Downstream of activated adaptor negatively regulate TCR signaling have been shown to
lead to increased susceptibility to EAE (Liu and Gu, 2002;molecules, levels of phosphorylated MAPK following
TCR stimulation were greater and more sustained in Demetriou et al., 2001). To determine if the heightened
response of dKO T cells to in vitro TCR stimulation haddKO T cells as compared to wild-type cells (Figure 6D).
These results demonstrate that the absence of Sts-1 in vivo relevance, we tested dKO mice for susceptibility
to EAE. As shown in Table 1, dKO mice had a dramati-and Sts-2 leads to a generalized and early biochemical
defect in early TCR signal transduction, resulting in in- cally increased incidence and severity of EAE than did
wild-type mice. Notably, whereas 4% of the wild-typecreases in activated forms of Zap-70 and other early
TCR signal transduction proteins. mice succumbed to the disease, the course of disease
was fatal for 20% of the dKO mice. Sts1/2 double knock-
out mice also demonstrated greater susceptibility toExperimental Autoimmune Encephalomyelitis
EAE than did Cbl-b/ mice. Interestingly, mice lackingin dKO Mice
both Sts proteins and Cbl-b (triple knockouts) developedExperimental autoimmune encephalomyelitis (EAE), a
EAE comparable in both incidence and severity to Sts1/2murine model for the human disease multiple sclerosis,
dKO mice (data not shown).is hypothesized to be caused in part by alterations in
the activation threshold of peripheral T cells (Kuchroo
et al., 2002; Willenborg and Staykova, 2003; Ohashi, Discussion
2002). EAE can be induced by immunization with myelin
basic protein (MBP) and is characterized by T cell-medi- Our studies have established a redundant role for two
related proteins in the signaling pathways that regulateated demyelination of axons in the central nervous sys-
tem followed by progressive limb paralysis (Miller and T cell activation. Sts-1 and Sts-2 are 75% homologous
to one another and constitute a unique gene family char-Karpus, 1998). Mutations in genes, such as Cbl-b, that
Immunity
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Figure 5. Hyperresponsiveness of dKO T Cells
(A) Time course of IFN expression. Wild-type or dKO splenocytes were stimulated for the indicated times. Total RNA was subjected to
Northern analysis utilizing an IFN cDNA probe. 18S RNA is displayed as a loading control. Result is representative of three experiments.
(B) Real-time PCR detects increased levels of cytokine mRNA in double knockout T cells. FACs-purified CD4 (top) or CD8 (bottom) splenic
T cells were stimulated for 4 hr with anti-CD3 at the concentrations indicated. Levels of IL-2 or IFN mRNA were assessed by quantitative
real-time PCR. Results were normalized to levels of 18S RNA and expressed as a ratio of dKO/wt levels.
(C) Enhanced cytokine production by dKO T cells. Purified T cells were incubated for 48 hr with the indicated concentrations of platebound
anti-CD3. Levels of cytokines in culture supernatants were determined by cytokine bead array multiplexing (Beadlyte, UBI).
(D) Antigen-specific dKO CD8 T cells have increased expression of IL-2 and IFN. Cell lines specific for the NP366–374 epitope derived from
influenza A nucleoprotein were generated as described (Flynn et al., 1998). Cells were stimulated with 1 M NP266–374 peptide for 5 hr, fixed,
and stained for cytoplasmic IL-2 and IFN.
acterized by the presence of a UBA domain, an SH3 The simultaneous deletion of Sts-1 and Sts-2 results
in a striking phenotype, namely the hyperresponsive-domain, and a carboxyl region with weak similarity to
the catalytic domain of members of the bis-phospho- ness of mature, naive T cells. Given the widespread
expression of Sts-1 in mice, we had anticipated pheno-glycerate mutase family. The UBA domain has been
proposed to be a ubiquitin binding motif (Hoffmann and typic changes as a result of its deletion. However, as
previously described, deletion of Sts-1 alone resultedBucher, 1996). In contrast, SH3 domains bind proline-
rich peptide sequences and are found in a wide variety in no detectable phenotypic alterations (Carpino et al.,
2002). Likewise, deletion of Sts-2 alone also resultedof proteins that have roles in signal transduction. Impor-
tantly, genes encoding Sts-related proteins can be found in no detectable phenotype. The phenotypic changes
observed in T cells were only detected with the deletionin a wide variety of species, including C. elegans, Dro-
sophila, and human, although in none of these species of both Sts-1 and Sts-2, demonstrating the redundant
role of both genes. In addition to the hyperresponsive-has their function been established. Murine Sts-1 maps
to chromosome 9, while murine Sts-2 is located on chro- ness of double KO T cells, an increase in total splenic
cell numbers was observed. Furthermore, the develop-mosome 17. Human Sts-1 (98% homologous) and Sts-2
(81% homologous) map to the corresponding syntenic mental properties of splenic B cell populations were
mildly altered in the double KO strain. We favor theregions. In mice, Sts-1 is expressed in a variety of cell
types, while Sts-2 is expressed primarily in T cells. When notion that these phenotypic alterations are a result of
low-level increases in cytokine production by splenicoverexpressed in cell lines, the murine Sts proteins dis-
play perinuclear localization as well as a speckled pat- T cells resulting from their hypersensitive phenotype.
Among the genes known to play a negative regulatorytern within the cytoplasm (data not shown), suggesting
localization of the proteins to membranes. role in TCR signaling, only a few, when deleted, result
Negative Regulators of Zap-70 Activity
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Figure 6. Enhanced Activation of TCR Signaling Pathways
(A) (Top) Similar levels of surface TCR on / and Sts1/2/ mice. Single cell suspensions of splenocytes were labeled with flourochrome-
labeled anti-TCR and anti-Thy1.2 antibodies (Pharmingen). The histogram plot of TCR levels within the Thy1.2 lymphocyte population is
displayed. (Middle) Levels of Src kinases Lck and Fyn in wild-type and dKO T cells. Lysates prepared from wild-type or dKO T cells were
subjected to Western analysis utilizing the indicated antibodies. (Bottom) Levels of activated Src kinases in wild-type and dKO stimulated
T cells. Lysates of purified T cells stimulated for the indicated times were subjected to Western analysis with antibodies specific for the
phosphorylated tyrosine in the activation loop of all Src-kinases.
(B) (Left) Hyperphosphorylation of Zap-70 in dKO T cells. Purified splenic T cells were stimulated for the indicated times, lysed, and processed
for IP/Western analysis. Tyrosine phosphorylation was detected with anti-pTyr antibodies, following which the blot was stripped and probed
with specific antibodies to ZAP-70. (Right top) Hyperactivation of Zap-70 in dKO T cells. Precipitates of Zap-70 from purified T cells stimulated
for the indicated times were subjected to in vitro kinase assays. (Right bottom) Mobility shift of Zap-70 during SDS-PAGE analysis. Anti-pTyr
IPs from purified splenic dKO T cells were subjected to anti-Zap Western analysis.
(C) Hyperphosphorylation of adaptor molecules. (Left) Whole-cell lysates were prepared from purified T cells stimulated for the indicated time.
Proteins were separated by SDS-PAGE and analyzed by Western analysis with anti-pTyr antibodies. The blot was then stripped and probed
with antibodies to LAT. (Right) Immunoprecipitation from stimulated T cell lysates was with anti-SLP-76 antibodies, followed by blotting with
antibodies to phospho-tyrosine or SLP-76.
(D) Elevated MAPK activation in double knockout T cells. Stimulated T cells were lysed at the indicated time points. Whole-cell lysates were
separated by SDS-PAGE and subjected to Western analysis with anti-phospho-MAPK antibodies. The stripped blot was reprobed with anti-
Erk1,2 antibodies.
in a comparable T cell phenotype. Among them are the 2001), and the ubiquitin ligase Cbl-b (Chiang et al., 2000;
SH2-domain-containing phosphatase Shp-1 (Plas et al., Bachmaier et al., 2000). As demonstrated herein, the
1996), the glycosyl-transferase Mgat5 (Demetriou et al., enhancement of T cell responses observed with Sts1/2
deficiency is more dramatic than Cbl-b deficiency, with
respect to both in vitro T cell responsiveness and in vivo
Table 1. Clinical Observations of Experimental Autoimmune susceptibility to autoimmune induction.
Encephalomyelitis Induced by Myelin Basic Protein Biochemically, the deletion of Sts-1 and Sts-2 results
Group Incidence of EAE Average Score Deaths in increased tyrosine phosphorylation and activation of
Zap-70, with no evident alterations in the enzymaticWild-typea 46/49 1.86  1.27 2
activities of the kinases thought to be upstream of Zap-Sts1/2/ 49/49 2.71  1.60 10
Cbl-b/ 40/43 2.05  1.50 5 70, Lck, and Fyn. Curiously, hyperphosphorylation of
the ubiquitinylated forms of Zap-70 is also evident inDisease severity was scored on a scale of 0–5: 0, no illness; 1, limp
dKO T cells, although ubiquitinylated Zap-70 does nottail; 2, limp tail and partial hindlimb paralysis; 3, limp tail and full
hindlimb paralysis; 4, complete hindlimb paralysis and partial fore- appear to possess kinase activity. It is tempting to spec-
limb paralysis; 5, death. ulate that ubiquitinylation of Zap-70 within the TCR com-
a For Student’s t test comparing wt/Sts1/2/, p  0.01.
plex might inactivate its catalytic activity. If so, it would
Immunity
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DNA and RNA Analysisserve as an additional negative regulatory mechanism
Genomic DNA was isolated by lysing cells in buffer (containing 100controlling T cell activation. Regardless, as a conse-
mM Tris, pH 8.0, 5 mM EDTA, 0.2% SDS, 200 mM NaCl, 250 g/mlquence of the increased activation of Zap-70 in dKO
proteinase K), incubating 12 hr at 55C, extracting with phenol/
T cells, there is increased activation of some of the choroform, and precipitating with EtOH. After restriction enzyme
signaling proteins downstream of Zap-70. These results digestion, DNA was separated by agarose gel electrophoresis and
transferred to positively charged nylon (Amersham) for hybridizationsuggest, therefore, that Sts1/2 normally control the ex-
with labeled probes (Rediprime, Amersham) according to standardtent of Zap-70 activation during T cell receptor engage-
techniques. RNA was prepared by extracting tissue with Trizol ac-ment. This is distinct from the function ascribed to Cbl-b,
cording to the manufacturer’s instructions (Invitrogen), separatedwhich has been proposed to regulate the turnover of
by formaldehyde gel electrophoresis, and analyzed as described
signaling proteins downstream of the costimulatory above.
receptor CD28 (Liu and Gu, 2002). The simultaneous
deletion of both the Sts proteins and Cbl-b results in a Generation of Sts-2-Deficient and Sts1/2-Doubly Deficient Mice
Sts-2 genomic clones were isolated from a W9.5 embryonic stemsynergistic hyperactivation of T cells, consistent with
cell BAC library (Incyte Genomics) by screening with 32P -dCTP-their having distinct mechanisms in modulating T cell
labeled Sts-2 cDNA as a probe. A restriction enzyme map of theactivation.
Sts-2 locus was determined using BAC clones and murine genomic
The mechanisms by which Sts-1 and -2 control the DNA. An 18 kb fragment of p70B genomic sequence containing 12
extent of Zap-70 activation following TCR stimulation exons encoding amino acid residues 90–596 was subcloned into
pBluescript. An 11 kb EcoRI/XhoI fragment containing exons 6–8are currently not known. Currently, neither Sts-1 nor -2
was replaced with a cDNA encoding the neomycin resistance gene.have been detected in association with the T cell recep-
A cDNA encoding the diphtheria toxin gene driven by the thymidinetor complex (TCR-, ; or CD3, , ; or ), either prior
kinase promoter to be used in negative selection was then placedto or following TCR engagement. Nor have we detected
5 of the Sts-2 homology region to complete the targeting construct
their association with Zap-70 or other proteins (Lat, (Yagi et al., 1993). Sts-1-deficient mice were generated as previously
Slp76, PLC-1, C-cbl) that play a role in TCR signaling described (Carpino et al., 2002). Genotype was determined by
Southern as described (see Figure 2A) or by PCR using the followingpathways. Our studies similarly do not support a role
primers: wt allele, 5-CATTAGACACATCATCAGAGGAGA-3 and 5-for the Sts proteins in controlling ubiquitinylation of Zap-
CCGATG-TGAGATCCCAATGGCCCA-3; KO allele, 5-CATTAGA70 or other components of the T cell receptor complex.
CACATCATCAGAGGAGA-3 and 5-ATGGCGA-TGCCTGCTTGCCGAFrom these observations, the results are most consis-
ATA-3. Animals were housed under specific pathogen-free condi-
tent with a role for Sts-1 and Sts-2 in facilitating TCR tions under institutional guidelines. To obtain Sts1/2-doubly defi-
complex formation, thus allowing the activation of Zap- cient mice, Sts-2/ mice were bred onto the Sts-1-deficient strain.
70 at lower concentrations of anti-CD3 or to a greater
FACS Analysis and Cell Purificationextent at comparable concentrations in the absence of
Whole spleens, thymi, or lymph nodes were dissected from lit-Sts-1/2. The most likely mechanism is that Sts-1 and -2
termates and crushed in PBS containing 2% FCS. Red blood cellssequester a protein away from the complex. Such a
were lysed by addition of buffer (pH 7.2) containing 150 mM NH4Cl,protein, when available in the absence of Sts-1 or -2, 1 mM KHCO3, and 0.1 mM EDTA; debris was removed by straining;
might directly associate with the complex to enhance and cells were labeled with flourochrome-conjugated antibodies as
indicated. Routine FACs analysis was performed with a FACSCaliburactivation or may enzymatically modify the complex to
(Becton Dickinson). To obtain T cells (90% pure) for proliferationallow for enhanced activation. Their role in negatively
assays and biochemical analyses, negative selection (utilizing aregulating T cell receptor signaling and the increased
cocktail of PE-conjugated anti-B220, anti-Gr-1, anti-CD11b, andincidence and severity of EAE in knockout mice suggest anti-Ter119 antibodies) upon an AutoMACs (Miltenyi Biotech) was
that mutations affecting the expression of either Sts-1 employed. Alternatively, T cells of identical purity were obtained
or Sts-2 might increase susceptibility to various autoim- with the Murine T Cell Enrichment SpinSep Cocktail (Stem Cell Tech-
nologies). To obtain purified CD4 and CD8 single-positive T cellsmune disorders. Future studies will address the specific
for real-time PCR analysis, splenocytes were labeled with flouro-mechanism by which the Sts proteins negatively regu-
chrome-conjugated anti-CD4 and anti-CD8 and sorted with a MoFlolate Zap-70 activation and TCR signaling.
cell sorter (Cytomation, CO).
Proliferation Assays/T Cell Stimulation AssaysExperimental Procedures
For proliferation assays, 105 purified T cells from mice of the indi-
cated genotypes were placed in individual wells of a round bottomCloning of Sts-2 cDNA
96 well plate in RPMI media containing 10% FCS, 10 mM HEPESThe sequence of murine Sts-1 cDNA was used to screen GenBank
(pH 7.0), 2 mM glutamine, 1 mM sodium pyruvate (Invitrogen), 50 Mfor related molecules. A human genomic fragment (Genbank number
-mercaptoethanol (Invitrogen), 0.1 mM nonessential amino acidsAJ003480) was identified that corresponded to human Sts-2. Degen-
(Invitrogen), and 10 g/ml gentamicin (Invitrogen). Anti-CD3 (145-erate oligos were designed based on the translated amino acid
2C11, Pharmingen) and anti-CD28 (37.51, Pharmingen) diluted insequence of the human fragment. A murine spleen cDNA library
PBS at the indicated concentrations was used to coat the bottom(Clontech) was used as a template to amplify by PCR a 3 fragment
of each well by incubation for 2 hr at 37C. PMA was at 10 ng/ml;of murine Sts-2. Full-length Sts-2 cDNA was obtained by PCR utiliz-
ionomycin was at 125 ng/ml. Cells were cultured for 48 hr, labeleding 5 phage-specific oligos and 3 Sts-2-specific oligos. The se-
with 1 Ci/well [3H]-thymidine for 14 hr, and harvested with a TOM-quence was confirmed by comparison to ESTs and genomic frag-
TECH Harvester 96 MachIII. For T cell stimulation assays, purifiedments found in GenBank and the Celera database.
T cells (2 	 107/time point) were labeled on ice for 20 min with 20
g/ml biotin-conjugated anti-CD3 (500A2, Pharmingen), washed,
Rabbit Polyclonal Antibodies incubated for 20 min on ice with 10 g/ml streptavidin (Sigma), and
A peptide corresponding to the predicted C terminus of murine placed at 37C for the indicated times.
Sts-2 (GANSVFNWRNWISSN) was synthesized, conjugated to glu-
taraldehyde-activated KLH, and used to immunize two rabbits Immunoprecipitations, Western Blots, and In Vitro Kinase Assays
(Rockland, Inc.). Before use, specific antibodies were purified by Cells or tissues were lysed in ice-cold buffer containing 50 mM Tris
(pH 8.0), 150 mM NaCl, 5 mM EDTA, 1 mM EGTA, 1 mM Na3VO4,affinity chromatography over a peptide column.
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1% NP-40, and complete protease inhibitors (Roche). Cell lysates 0.1% BSA containing 0.2% saponin, resuspended in 120 l of PBS/
0.1% BSA, and run on a FACSCalibur (Becton-Dickinson) flow cyto-were clarified by centrifugation, rotated at 4C with specific antibody
for 2 hr or overnight, and incubated 1 hr with 20 l protein A sepha- meter. Data (at least 20,000 CD8/lymphoctye events) were analyzed
using CellQuest software (Becton-Dickinson).rose (Pharmacia). Beads were washed five times with cold wash
buffer (20 mM Tris, pH 7.8, 150 mM NaCl, 1 mM EDTA, 0.1% NP-
40, 100 M PMSF, and 1 mM Na3VO4), and bound protein was eluted Acknowledgments
with Laemmli sample buffer and separated by SDS-PAGE. Protein
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